We have investigated the process of release of simian virus 40 (SV40) virions from several monkey kidney cell lines. High levels of virus release were observed prior to any significantly cytopathic effects in all cell lines examined, indicating that SV40 utilizes a mechanism for escape from the host cell which does not involve cell lysis. We demonstrate that SV40 release was polarized in two epithelial cell types (Vero C1008 and primary African green monkey kidney cells) grown on permeable supports; release of virus occurs almost exclusively at apical surfaces. In contrast, equivalent amounts of SV40 virions were recovered from apical and basal culture fluids of nonpolarized CV-1 cells. SV40 virions were observed in large numbers on apical surfaces of epithelial cells and in cytoplasmic smooth membrane vesicles. The sodium ionophore monensin, an inhibitor of vesicular transport, was found to inhibit SV40 release without altering viral protein synthesis or infectious virus production.
We have investigated the process of release of simian virus 40 (SV40) virions from several monkey kidney cell lines. High levels of virus release were observed prior to any significantly cytopathic effects in all cell lines examined, indicating that SV40 utilizes a mechanism for escape from the host cell which does not involve cell lysis. We demonstrate that SV40 release was polarized in two epithelial cell types (Vero C1008 and primary African green monkey kidney cells) grown on permeable supports; release of virus occurs almost exclusively at apical surfaces. In contrast, equivalent amounts of SV40 virions were recovered from apical and basal culture fluids of nonpolarized CV-1 cells. SV40 virions were observed in large numbers on apical surfaces of epithelial cells and in cytoplasmic smooth membrane vesicles. The sodium ionophore monensin, an inhibitor of vesicular transport, was found to inhibit SV40 release without altering viral protein synthesis or infectious virus production.
Several distinct mechanisms are involved in the release of animal viruses from infected cells. Many enveloped viruses are released as they are assembled by budding at the plasma membrane of host cells. In polarized epithelial cells, maturation of these viruses is restricted to either the apical or basolateral membrane (18, 19, 24) . Some families of enveloped viruses are assembled by budding at intracellular membranes and are transported to the cell surface by a vesicular transport process (23, 24) . In contrast to enveloped viruses, nonenveloped viruses are generally believed to be cytolytic and are thought to be released following cell lysis (20) .
Simian virus 40 (SV40) is a nonenveloped virus which is assembled in the nuclei of infected cells. The precise mechanism of SV40 release from infected cells is not known, but it is generally believed that virions exit the cell after nuclear destruction and cell lysis (8, 13, 14, 17) . In previous studies with polarized epithelial cells, we have used SV40 vectors to investigate the cell surface localization of influenza virus glycoproteins expressed from cloned viral genes (11, 21) . During these studies, recombinant SV40 virions were found to accumulate on the apical surfaces of apparently intact cells (unpublished observations), suggesting that they were being transported to the cell surface in a polarized manner. This observation was of interest because the polarized released of a nonenveloped virus from epithelial cells had not been previously reported, and this pattern of release would be inconsistent with cell lysis as the release mechanism.
To investigate the process of SV40 release, we have examined polarized and nonpolarized cell types infected with wild-type SV40. Virus yields were determined from cells grown on permeable supports to quantitate SV40 release from apical and basolateral surfaces. The distribution of virions within the cytoplasm and on the cell surface was examined by electron microscopy. The effects of the sodium ionophore monensin on SV40 release were also determined. The results indicate that SV40 virions are released by a novel process which does not involve cell lysis.
MATERIALS AND METHODS
Virus and cells. A stock of SV40 (small-plaque strain) was obtained from J. Lebowitz. Virus stocks were grown in monolayers of CV-1 cells and harvested at 60 h postinfection by freezing and thawing the crude lysate twice. The lysates were then clarified by centrifugation for 20 min at 1,000 x g and stored at -70°C. To infect cells, stock virus was allowed to adsorb to cell monolayers for 60 to 90 min at 37°C. The inoculum was then removed and replaced with Eagle minimal essential medium (EMEM) supplemented with 2% fetal bovine serum.
For plaque assays, dilutions of virus were adsorbed to duplicate monolayers of CV-1 cells in six-well plates (Becton Dickinson Labware, Oxnard, Calif.) for 90 min. The inoculum was then removed and replaced with an agar (0.6%) overlay containing Dulbecco modified Eagle medium without phenol red (Sigma Chemical Co., St. Louis, Mo.), 2% fetal bovine serum, and 0.2% dimethyl sulfoxide. The cells were fed every 4 to 5 days with an additional overlay. After 10 days, an additional agar (0.9%) overlay containing 0.01% neutral red was added. After an 8-h period, the plaques were scored by using transmitted light.
Primary African green monkey kidney (AGMK) cells were purchased from M. A. Bioproducts, Walkersville, Md. Vero C1008 cells were obtained from the American Type Culture Collection, Rockville, Md. These cells were previously shown to form tight epithelial monolayers in which maturation of enveloped viruses and expression of virus glycoproteins were found to be polarized (23) . The CV-1 line of monkey kidney cells was obtained from E. Hunter. All cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum.
Light and electron microscopy. For light microscopy studies, infected AGMK and Vero C1008 cell monolayers were grown on 22-mm glass cover slips in six-well plates. At various intervals postinfection, the cells were washed with phosphate-buffered saline (PBS), fixed for 15 min at room temperature with 1% Formalin in PBS, mounted on micro-RELEASE OF SV40 FROM POLARIZED EPITHELIAL CELLS scope slides in a 1:1 solution of glycerol-1% bovine serum albumin in PBS, and photographed with a Nikon Optiphot microscope.
For electron microscopy, cell monolayers grown in plastic dishes were fixed and embedded as described previously (21) . Monolayers grown in Millicell-HA filter chambers were also embedded as described previously (21) , except that filters containing monolayers were cut away from the plastic chambers prior to embedding. For labeling endocytic vesicles with electron-dense markers, the culture fluids of SV40-infected AGMK and Vero C1008 cells were replaced at selected times with EMEM containing native ferritin (100 mg/ml), cationic ferritin (10 mg/ml), or a 1:10 dilution of Thoria sol (colloidal thorium oxide). After incubation with the markers for periods ranging between 20 min and 12 h, monolayers were rinsed and fixed for electron microscopy.
Antibodies and immunofluorescence labeling. Horse antiserum to SV40 was purchased from Flow Laboratories, Inc., McLean, Va. Fluorescein-conjugated rabbit anti-horse immunoglobulin G was purchased from Miles Laboratories, Inc., Elkhart, Ind. For indirect surface immunofluorescence staining, Vero C1008 cells were grown on glass tissue culture microscopic slides (Miles Scientific, Div. Miles Laboratories, Inc., Naperville, Ill.) and infected at low multiplicities of infection (MOI) with SV40 (MOI = 0.01). At 48, 54, and 60 h postinfection, duplicate cell monolayers were washed with EMEM and incubated with horse antiserum to SV40 (1:20 in PBS containing 0.1% bovine serum albumin) followed by incubation with fluorescein anti-horse immunoglobulin G (1:20) . The cells were washed with PBS, and biotinylated SV40 was added. After a 20-min incubation at 4°C, the monolayers were washed with PBS and incubated with streptavidin-rhodamine isothiocyanate (1:20) (Southern Biotechnology, Birmingham, Ala.). After a 20-min incubation period, the monolayers were washed with PBS and fixed with 1% Formalin in PBS. Cover slips were then mounted, and the slides were observed for fluorescence and photographed with a Nikon Optiphot microscope equipped with a modified B2 cube.
Preparation of biotinylated SV40. Stock virus was pelleted by centrifugation for 2 h at 28,000 rpm in an SW28 rotor (Beckman Instruments, Inc., Fullerton, Calif.). The virus pellet was then resuspended in EMEM and placed on top of a 10-ml CsCl solution (pH 7.2, 1.34 g/cm3) and centrifuged overnight at 35,000 rpm in an SW41 rotor (Beckman). The virus band was collected and dialyzed overnight at 4°C against three changes of TNE buffer (10 mM Tris hydrochloride, 100 mM NaCl, 1 mM EDTA). Virus samples containing 60 ,ug of viral protein were added to 60 ,ul of biotin succinimide ester dissolved in dimethyl sulfoxide (120 ,ug/ml) and were incubated for 4 h at room temperature. The biotinylated virus samples were then dialyzed overnight at 4°C against PBS. The virus samples were stored at -135°C.
Virus release curves. Duplicate cell monolayers were grown to confluence on 30-mm-diameter, 0.45-,um-pore-size Millicell-HA filters (Millipore Corp., Bedford, Mass.) placed in six-well plates (Becton Dickinson Labware). SV40 (MOI = 20) was added to the apical chambers and allowed to adsorb for 1 h. The inoculum was removed, and the monolayers were rinsed twice with PBS prior to adding 2.0 ml of EMEM supplemented with 2% fetal bovine serum to both apical and basal chambers. At intervals postinfection, the apical and basal media were collected separately, clarified by centrifugation at 1,000 x g for 20 min, and frozen at -70°C. The virus titers in each sample were determined by plaque assay. (Fig. 1 and 2 ). In contrast, the basal surfaces were devoid of virions (Fig. 1C) . Virions on apical surfaces were found in closely packed arrays (Fig. 2) and in the cytoplasm; the latter were always enclosed in small vesicles or in large smooth membrane vacuoles ( Fig.  3A and B) and appeared to adhere closely to the vesicle surface ( Fig. 1 and 3B ). Virions were never observed free in the cytoplasm or within cisternae of the rough endoplasmic reticulum or the Golgi complex. Infected cells remained apparently intact, although they contained large numbers of cytoplasmic and surface virions.
We considered that the virions on surfaces of infected cells may be the result of transport of virus particles to the cell surface in cells actively producing SV40 virions, or alternatively, readsorption of virions that have been released into the culture medium. To distinguish between these two possibilities, cell monolayers infected at an MOI of 0.01 PFU per cell were examined by electron microscopy and by surface immunofluorescence. Under these conditions of low MOI, virions were observed lining the apical surfaces of infected cells only (i.e., cells containihg nuclear virions) and were virtually absent from surfaces of adjacent, apparently uninfected cells (Fig. 4) . The presence of virions on infected cells could also be recognized when intact monolayers were examined by surface immunofluorescence using an antiserum which recognizes viral structural proteins and a fluorescein isothiocyanate-labeled conjugate. Antigen-positive (fluorescent) cells were observed in the midst of antigennegative cells, indicating that surface virions were restricted to very few cells in monolayers infected at a low MOI (Fig.  5A) . However, the restriction of surface virions to selected cells within the monolayer was not due to the lack of receptors on neighboring cells. This was proven by adding biotinylated, purified SV40 virions to the same infected monolayers and by localization of these virions with rhodamine-labeled streptavidin. The (Fig. 6A) . Similar amounts of virus were recovered from both apical and basolateral chambers, confirming the nonpolarized nature of the CV-1 cell line. SV40 release from AGMK cells was detected as early as 30 h postinfection and was essentially complete by 48 h postinfection (Fig. 6B) . Between 42 and 72 h postinfection, over 99% of the virus released was recovered from the apical chamber, indicating that virus release from AGMK cells is highly polarized. SV40 release from polarized Vero C1008 cells was first observed at 48 h postinfection and was complete by 60 h postinfection (Fig. 6C) maximum virus yields were obtained in culture media, less than 10% of the cells in the monolayers were stainable with trypan blue (Fig. 6D to F (Fig. 8A and B) . In some sections, the membranes of these structures appeared to be continuous with the outer nuclear membrane or with the rough endoplasmic reticulum. At this time point, no virions were observed on the cell surface or in cytoplasmic vesicles. Between 54 and 66 h postinfection (during the release period), nuclear, cytoplasmic, and surface virions were frequently observed ( Numerous virions were found to be associated with free apical surfaces, while the basal surfaces were essentially free of virions, as shown for AGMK cells in Fig. 1 the smaller SV40-containing vesicles, even though some vesicles were in very close proximity to the cell surface. However, some of the large SV40-containing vacuoles similar to those shown in Fig. 1A were found to be labeled (data not shown). These results, as well as the late appearance of the large vacuoles, suggest that the large virion-containing vacuoles may have originated by endocytosis of particles at the cell surface, whereas small virus-containing vesicles do not appear to result from endocytosis and may be involved in virus release. Monensin blocks SV40 release. We investigated the effects of the sodium ionophore monensin on virus release. Monensin is reported to affect intracellular transport by blocking the release of secretory vesicles from trans-Golgi membranes (25, 26) and by blocking the recycling of plasma membrane receptors to the cell surface (3, 27) . The ionophore had no significant effect on viral protein synthesis at concentrations up to 10-5 M. The three capsid proteins of SV40, VP-1, VP-2, and VP-3, were clearly visible in [35S]methionine-labeled-and SV40-infected-cell lysates (Fig.  9A ), as were three cellular histones typically observed in SV40 immunoprecipitates. Only at monensin concentrations of 10-4 M (Fig. 9A, lane 7) was viral protein synthesis significantly decreased. Therefore, the effect of monensin on SV40 release was investigated by incubating infected AGMK cells in the presence or absence of 10-6 M monensin (Fig. 9B) . In control cells, 63% of the total virus (PFU) was recovered in the cell culture medium while 37% remained cell associated. However, in monensin-treated cells, only 3% of the total virus was recovered from the cell culture medium while 97% remained cell associated. The total yields of virus from treated and untreated cells were approximately equal. These results indicate that monensin inhibits the release of SV40 from infected cells without affecting virus replication.
To investigate the effects of monensin on the intracellular distribution of SV40 virions, we examined SV40-infected, monensin-treated AGMK cells by electron microscopy. Virions were absent from apical cell surfaces of monensintreated cells between 36 and 60 h postinfection (Fig. 8C) The release of infectious virus was found to occur only from the apical surfaces of polarized cells. It is unlikely that virus release from the basal surface into the basal chamber is blocked by a basement membrane or by the filter itself because virus was not observed on basolateral surfaces by electron microscopy and because SV40 virions can freely diffuse through polarized cell monolayers grown on filters if tight junctional complexes between cells are disrupted (6) . Although not all SV40 virions produced were released from cells, the fraction (approximately one-third) of the virus yields which remained cell associated was not released even after the appearance of extensive cytopathology. The cellassociated virus was found to be infectious when recovered from cells; however, it seems unlikely that such virus plays a significant role in the spread of viral infection in vivo. The finding that a nonenveloped virus is released preferentially from the apical surfaces of polarized epithelial cells (2, 15) . These observations suggest that viral infection in the kidney is restricted to the epithelium and are consistent with our results. Several nonenveloped viruses are known to infect the epithelial surfaces of various tissues but fail to infect cells underlying the epithelial lining. The rhinoviruses infect the epithelial surfaces of the nasopharynx with little or no spread to underlying tissues (9) . Certain parvoviruses, as well as most rotaviruses, primarily infect epithelial cells lining the small intestine (4, 7, 10) . These viruses also infect nonepithelial cells in vivo and in vitro, indicating that the restriction of infection to epithelial surfaces is not merely a result of an inability of other cell types to support virus replication. It will be of interest to determine whether polarized release from epithelial cells plays a role in limiting the spread of infection by these viruses.
It is generally believed that nonenveloped viruses are released from cells following cell lysis (9) . Our results demonstrate that SV40 virions are released into the culture medium well before the destruction of individual cells within intact monolayers. Similar observations have been reported by other workers (16) . The appearance of virus in vesicles, as well as the inhibition of virus release by monensin, suggests that a vesicular transport process may be involved in the release of SV40 virions. Although the larger viruscontaining cytoplasmic vacuoles may have resulted from endocytosis, smaller vesicles were not labeled by endocytic markers and could play a role in delivery of virus to the cell surface. The directional movement of virus-containing vesicles to the apical surface would provide a plausible mechanism for the delivery of surface virions, as well as released virus, to the apical surface. However, assuming that the assembly of such virions takes place in the nucleus, the process by which these particles are transported from the nucleoplasm to the lumina of cytoplasmic vesicles remains to be understood. Since the virions must traverse two membranes to exit the nucleus, a simple vesiculation process at the nuclear envelope would not suffice. Several possibilities may be considered, including transport through nuclear pores into smooth cytoplasmic vesicles, although this would represent a novel process not described previously. Alternatively, although not observed in the present study, several investigators have observed SV40 virions within the perinuclear cisternae late in infection (8, 14, 17) . Once virions are in the perinuclear space, vesicles or reticular structures may develop from the outer nuclear membrane or the contiguous portion of the rough endoplasmic reticulum. Finally, the nuclear virions could enter vesicles during dissolution of the nuclear envelope during mitosis, as has been suggested for the SV40 T antigen, a protein which is expressed in the nucleus as well as on the cell surface (22) .
Monensin was found to inhibit the release of SV40 and to cause accumulation of SV40 virions within smooth membrane reticular structures. In general, these reticular structures appeared to be larger and to occur more frequently in monensin-treated cells than in untreated cells; this may be due to the inhibition of virus release, resulting in the accumulation of virions within these structures. The accumulation of virions in these structures in monensin-treated cells, as well as the time course of appearance of these structures, is consistent with a role for the reticular structures in virus release; however, this remains to be demonstrated. SV40 virions were not found to be associated with Golgi membranes; therefore, it is unlikely that blockage of Golgi traffic by monensin is responsible for the inhibition of SV40 release. It is possible that monensin blocks SV40 release and the accumulation of surface virions by inhibiting the recycling of SV40 receptors to the cell surface, as has been reported for low-density lipoprotein receptors and receptors for mannose-containing glycoproteins (3, 27) . Our results show that progeny SV40 virions adhere to the luminal surfaces of intracellular vesicles and the extracellular surfaces of infected cells; therefore, SV40 virions may be bound to receptors on intracellular membranes while within smooth membrane vesicles. Recently, we obtained evidence that SV40 receptors are expressed exclusively on apical surfaces of polarized Vero cells (6) . The transport of virions to apical cell surfaces may therefore be a result of the directional transport of virus-receptor complexes to apical plasma membranes, and the release of virions may occur by dissociation of virions from their receptors following their directional transport to the apical surface.
